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Abstract 
The present deals with some investigations on surface roughness during hard machining of EN 24 steel with the help of coated 
carbide insert. The experiment has been done under dry conditions. The optimization of process parameters have been done using 
Grey based Taguchi approach. Also the prediction models have been developed using regression analysis for surface roughness 
and adequacy has been checked. Good surface quality of roughness about 0.42 microns is obtained in hard machining. Using 
grey-based Taguchi approach, the optimal parametric combination for surface quality characteristics (Ra and Rz) have been 
obtained to be depth of cut: 0.4 mm, feed: 0.04 mm/rev and cutting speed: 130 m/min respectively. Feed is considered to be the 
most dominant parameter for both surface roughness parameters Ra and Rz. The prediction models have high correlation 
coefficient (R2 = 0.993 and 0.934). This is evident to be better fitting of the model and found to be high significance. 
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1. Introduction 
Recently hard machining is an emerging technology which replaces traditional grinding operation of finishing the 
components. Hard machining is usually performed in machining the workpiece of hardness 45 HRC or more. From 
the literature scenario, hard machining of steel parts are usually machined by costly ceramic and CBN inserts. Now-
a-days coated carbide inserts have been performed better in moderate range of hardness compared to uncoated 
carbide inserts. However their usage in hard machining is lacking. Hard machining has the advantages of cost, time 
and coolant savings compared to grinding. The biggest challenge for hard machining is the surface quality whether 
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that is close to grinding or not. Therefore optimized process parameters are highly essential for its successful 
implementation in the industry.  
Tugrul Ozel et al. (2007) performed hard turning of AISI D2 steel (60 HRC) by wiper ceramic insert. The surface 
roughness of 0.18-0.2 microns is achievable through wiper ceramic insert. At higher cutting speed, the tool life of 15 
minute is obtained. The tool life has been found to be high at low cutting speed and feed. Lalwani et al. (2008) 
obtained that the depth of cut is the highly significant parameter for feed force in hard machining of MDN 250 steel 
(50 HRC). The experiment has been done using coated ceramic insert. Horng et al. (2008) concluded that the cutting 
speed and interaction effect of feed rate with nose radius is the significant parameter for flank wear during hard 
turning of Hadfield steel by mixed ceramic insert. Cutting speed and tool corner radius are the significant parameter 
for surface roughness. Tamizharasan et al. (2006) suggested that the best surface finish, low flank wear and higher 
metal removal are obtained using low CBN content tool during machining crank pin material. Mahfoudi et al. (2008) 
suggested that the good surface quality with reasonably tool life has been obtained during high speed machining 
using PCBN insert. Sahin (2009) suggested that the performance of CBN tool is better than ceramic insert during 
machining AISI 52100 steel (659HV). For tool wear, cutting speed dominates more followed by tool hardness and 
feed rate. Singh and Rao (2007) utilized response surface methodology for developing surface roughness model. 
Feed was found to be most influencing parameter for surface roughness in AISI 52100 machining by mixed ceramic 
inserts. Zhang et al. (2006) utilized Taguchi approach for optimization of process parameter and investion was done 
on surface integrity of hardened bearing steel. Cakir et al. (2009) concluded that the second order mathematical 
model was the best compared to 1st and exponential model for surface roughness during hard machining of AISI P20 
steel using coated carbide insert. Aggarwala et al. (2008) found that the cryogenic environment was the most 
dominant factor for minimizing power consumption followed by cutting speed and depth of cut during turning AISI 
P20 steel utilizing Taguchi’s and RSM technique. Response surface methodology has been obtained to be better than 
Taguchi’s approach. Sahoo and Sahoo (2013) performed mathematical modeling and optimization in hard turning of 
AISI 4340 steel using multilayer coated carbide insert using RSM and Grey-based Taguchi approach. The 
economical feasibility study has been performed and model has been fitted well. 
As seen from the literature review, the hard machining operation is usually done by costly ceramic and CBN 
insert. The attempt has been made in the present paper utilizing low cost coated carbide insert in hard turning under 
dry condition to justify its usability compared to CBN and ceramic insert. Thus the objective is to have a study on 
surface quality characteristics (Ra and Rz) in hard turning of EN 24 steel (50 HRC) using coated carbide tools. The 
grey relational analysis has been utilized for multi-optimization of responses. The prediction models have been 
developed using regression methodology. 
2. Experimental details 
For experiment, the workpiece of EN24 (50 HRC) of 45 mm diameter has been taken. The experiment has been 
performed on CNC lathe (3500 rpm, 16 kW of sinumeric controller) under dry conditions using multilayer ZrCN 
coated carbide insert. The process parameters and their levels are presented in Table 1. The experiment has been 
planned as per Taguchi L9 orthogonal array. The response measured are Ra (arithmetic surface roughness average) 
and Rz (maximum peak-to-valley height). The cutoff length and assessment length are taken to be 0.8 mm and 4 mm 
respectively. The experimental results are presented in Table 2. 
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Table 1. Process parameters and their levels 
Parameters Notation Unit Levels of parameters 
   Level 1 Level 2 Level 3 
Depth of cut d mm 0.2 0.3 0.4 
Feed f mm/rev 0.04 0.08 0.12 
Cutting Speed v m/min 50 90 130 
Table 2. Experimental results 
Run No Process parameters Experimental results 
d f v Ra in μm Rz in μm 
1 0.2 0.04 50 0.83 4.11 
2 0.2 0.08 90 0.96 3.61 
3 0.2 0.12 130 1.17 5.28 
4 0.3 0.04 90 0.66 2.75 
5 0.3 0.08 130 0.84 3.62 
6 0.3 0.12 50 1.3 5.94 
7 0.4 0.04 130 0.42 1.95 
8 0.4 0.08 50 0.96 4.28 
9 0.4 0.12 90 1.14 5.15 
 
3. Multi-response parametric optimization 
 
The optimizations of process parameters are usually performed as per tradition Taguchi approach using signal to 
noise ratio. Higher signal to noise ratio means closer to optimal of process parameters. It can optimize the single 
reponse only and unable to optimize simultaneously if the number of responses are more than one. Hence grey 
relational analysis combined with Taguchi approach has been applied to solve multi-response optimization (both Ra 
and Rz) problem in this paper [Lin and Lin, 2002]. The procedures are described below [Lin, 2004]. 
 
1. Identification of responses (Ra and Rz) and input process parameters (cutting speed, feed and depth of cut).  
2. Determination of the different levels for the input process parameters.  
3. Selection of appropriate orthogonal array (L9) and assign the process parameters.  
4. Experimentation as per L9 orthogonal array. 
5. Normalization of the test results.  
6. Finding out the grey relational generation and grey relational coefficient.  
7. Calculation of the grey relational grade. 
8. Analyze the grey relational grade.  
9. Selection the optimal combination of process parameters. 
10. Verification by conducting some confirmation run. 
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Table 3. Grey relational generation 
 
Run No. Ra Rz 
Smaller-the-better Smaller-the-better 
Ideal sequence 1 1 
1 0.534 0.4586 
2 0.3863 0.5839 
3 0.1477 0.1654 
4 0.7272 0.7994 
5 0.5227 0.5814 
6 0 0 
7 1 1 
8 0.3863 0.416 
9 0.1818 0.1979 
 
Table 4. Evaluation of Δ0i for each of the responses 
 
Run No Ra Rz 
Ideal sequence 1 1 
1 0.466 0.5414 
2 0.6137 0.4161 
3 0.8523 0.8346 
4 0.2728 0.2006 
5 0.4773 0.4186 
6 1 1 
7 0 0 
8 0.6137 0.584 
9 0.8182 0.8021 
 
Table 5. Grey relational coefficient (with \  = 0.5) 
Run No Ra VBc 
Ideal sequence 1 1 
1 0.5175 0.4801 
2 0.449 0.5457 
3 0.3697 0.3746 
4 0.6469 0.7136 
5 0.5116 0.5443 
6 0.3333 0.3333 
7 1 1 
8 0.4489 0.4612 
9 0.3793 0.3839 
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Table 6. Grey relational grade and its order 
 
Run No Grey relational grade Rank 
1 0.4988 4 
2 0.4973 5 
3 0.3721 8 
4 0.6802 2 
5 0.5279 3 
6 0.3333 9 
7 1 1 
8 0.455 6 
9 0.3816 7 
 
Table 7. Response table for the mean grey relational grade 
 
Factors Grey relational grade 
Level 1 Level 2 Level 3 Max-Min 
d 0.456 0.5138 0.6122 0.1562 
f 0.7263 0.4934 0.3623 0.364 
v 0.429 0.5197 0.6333 0.2043 
Total mean grey relational grade = 0.5273 
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Fig. 1. Main effect plot for grey relational grade 
 
Considering the above steps, the value of Δ0i, grey relational coefficients and grey relational grade and its order have 
been computed and shown in Table 4, 5 and 6 respectively. The optimal parameter has been drawn from the mean 
grey relational grade and main effect plot (Fig. 1). The multi-response optimal parametric combination is found to 
be d3-f1-v3 i.e. 
Depth of cut: 0.4 mm 
Feed: 0.04 mm/rev 
Cutting speed: 130 m/min. 
For multi-responses (Ra and Rz), feed is considered to be the most dominant parameter.  
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3.1 Confirmatory test 
 
Once, the optimal parameters are computed, the next step is to verify and study its improvement by conducting some 
confirmation run. Table 8 shows the comparison of the estimated grey relational grade with the actual grey relational 
grade obtained in experiment using the optimal cutting parameters. Good approximation exists between the 
predicted value (0.9172) and experimental value (1). It is evident that the good improvement of grey relational grade 
has been obtained and found to be 0.5012.  
 
 
 
Table 8. Results of confirmatory experiment 
 
 Initial factor setting Optimal cutting factors 
Prediction Experiment 
Level d1-f1-v1 d3-f1-v3 d3-f1-v3 
Ra 0.83  0.42 
Rz 4.11  1.95 
Grey relational grade 0.4988 0.9172 1 
Improvement in grey relational grade = 0.5012 
 
 
4. Prediction model 
 
The surface roughness prediction models (Ra and Rz) has been obtained through regression methodology. The input 
parameters are cutting speed, feed and depth of cut respectively. The coefficient of determination (R2) has been 
computed for better accuracy of models. The models are accepted based on higher value of R2. The models are 
developed as per uncoded units. The following equations are obtained when regression analysis is employed.  
 
ܴܽ ൌ ͲǤͺʹͲͺ െ ͲǤ͹͵͵͵݀ ൅ ͹ǤͲͺ͵͵݂ െ ͲǤͲͲʹ͹ݒ 
ܴଶ ൌ ͻͻǤ͵Ψǡ ܴଶሺ݆ܽ݀ሻ ൌ ͻͺǤͻΨ          (1) 
 
ܴݖ ൌ ͵Ǥ͸͹ͳ͹ െ ʹǤ͹݀ ൅ ͵ͳǤͷ݂ െ ͲǤͲͳͶͷݒ 
ܴଶ ൌ ͻ͵ǤͶΨǡ ܴଶሺ݆ܽ݀ሻ ൌ ͺͻǤͷΨ          (2) 
 
The models have high correlation coefficient (R2 = 0.99 and 0.93 close to unity). It clearly indicates about 99.3 % 
and 93.4 % of the variability in the output responses. It is better fitting for the model and high significance of the 
model. A good correlation between surface roughness parameters and the input variables exists. The normal 
probability plot vs. residuals of regression models (Fig. 2 & 3) shows that the residuals lie very close to a straight 
line. It implies that the errors are distributed normally and good agreement that the models are significant. The 
analysis confirms the better prediction of surface roughness characteristics (Ra and Rz) in hard turning through 
prediction models accurately. 
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Fig. 2. Normal probability plot of the residuals for Ra 
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Fig. 3. Normal probability plot of the residuals for Rz 
 
5. Conclusions 
 
The present study investigates extensively on the aspects related to surface roughness, parametric optimization and 
regression model in hard turning using multilayer-coated carbide inserts. Based on the investigations, following 
conclusions may be drawn. 
1. Good surface quality of roughness about 0.42 micron is obtained during hard turning operation. 
2. The multi-response optimal parametric combination becomes depth of cut of 0.4 mm, feed of 0.04 mm/rev and 
cutting speed of 130 m/min respectively.  
3. Feed is considered to be most dominant parameter for both output responses (Ra and Rz). 
4. The improvement of grey relation grade for optimal parameter is found to be 0.5012. 
5. The prediction model have the high correlation coefficient (R2 = 0.99 and 0.93 close to unity).  
6. The prediction model shows better fitting of the model and proposed to be high significance. 
7. The prediction model sufficiently explains the relationship between surface roughness and the input variables. 
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